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ABSTRACT
Assessments of the cold-gas reservoir in galaxies are a cornerstone for understanding star-formation processes and the
role of feedback and baryonic cycling in galaxy evolution. Here we exploit a sample of 392 galaxies (dubbed MAGMA,
Metallicity and Gas for Mass Assembly), presented in a recent paper, to quantify molecular and atomic gas properties
across a broad range in stellar mass, Mstar, from ∼ 107 − 1011 M. First, we find the metallicity (Z) dependence of αCO
to be shallower than previous estimates, with αCO ∝ (Z/Z)−1.55. Second, molecular gas mass MH2 is found to be strongly
correlated with Mstar and star-formation rate (SFR), enabling predictions of MH2 good to within ∼0.2 dex; analogous
relations for atomic gas mass MHI and total gas mass Mgas are less accurate, ∼0.4 dex and ∼0.3 dex, respectively. Indeed,
the behavior of atomic gas mass MHI in MAGMA scaling relations suggests that it may be a third, independent variable
that encapsulates information about the circumgalactic environment and gas accretion. If Mgas is considered to depend
on MHI, together with Mstar and SFR, we obtain a relation that predicts Mgas to within ∼0.05 dex. Finally, the analysis of
depletion times and the scaling of MHI/Mstar and MH2/Mstar over three different mass bins suggests that the partition of gas
and the regulation of star formation through gas content depends on the mass regime. Dwarf galaxies (Mstar . 3×109 M)
tend to be overwhelmed by (Hi) accretion, and despite short τH2 (and thus presumably high star-formation efficiency),
star formation is unable to keep up with the gas supply. For galaxies in the intermediate Mstar “gas-equilibrium” bin
(3×109 M . Mstar . 3×1010 M), star formation proceeds apace with gas availability, and Hi and H2 are both proportional
to SFR. In the most massive “gas-poor, bimodality” regime (Mstar & 3 × 1010 M), Hi does not apparently participate in
star formation, although it generally dominates in mass over H2. Our results confirm that atomic gas plays a key role
in baryonic cycling, and is a fundamental ingredient for current and future star formation, especially in dwarf galaxies.
Key words. Galaxies: star formation – Galaxies: ISM – Galaxies: fundamental parameters – Galaxies: statistics –
Galaxies: dwarfs – (ISM:) evolution
1. Introduction
Galaxy evolution is inevitably regulated by the gas reser-
voir available for star formation. In its molecular form, this
gas fuels star formation that, during stellar evolution, en-
riches the interstellar medium (ISM) in a galaxy with met-
als and dust. Over the course of a galaxy’s lifetime, stars
exploding as supernovae (SNe) impart mechanical and ra-
diative energy to the surrounding environment, and sow
the seeds for dust grain formation in SNe ejecta and the
circumnuclear envelopes of evolved stars. Metals produced
by massive stars and other stellar events enrich the sur-
rounding ISM, changing its properties and enhancing its
ability to cool. Gas may also be expelled from the galaxy,
becoming part of the circumgalactic medium (CGM) sur-
rounding the galaxy, where it may be reaccreted (see recent
review by Tumlinson et al. 2017). Baryonic cycling in the
galaxy eco-system comprises this combination of gas accre-
tion, the conversion of gas into stars, the injection of energy,
and the ISM enrichment by metals and dust grains. The
manifestation of baryonic cycling can be found in scaling
relations among star-formation rate (SFR) and stellar, gas,
and metal content which are becoming powerful diagnos-
tics for understanding how these processes depend on their
mass and environment.
Two key concepts in baryonic cycling are the overall ef-
ficiency with which stars are ultimately produced from the
initial conditions in the host dark-matter halo (DMH) and
the efficiency with which stars are formed from the available
gas supply. Unlike more massive galaxies, such as the Milky
Way (MW), dwarf galaxies seem to be highly inefficient at
producing stars (e.g., Behroozi et al. 2013; Moster et al.
2013; Graziani et al. 2015, 2017). This is a consequence of
the relation between parent dark-matter halos (DMHs) and
stars, and is thought to be regulated by baryonic physics,
namely the energy released into the ISM and intergalac-
tic medium (IGM) by young stellar populations or active
galactic nuclei (AGN) in the more massive galaxies.
These feedback processes are arguably the most im-
portant drivers of galaxy evolution. Many fundamental re-
lations are thought to be manifestations of feedback, re-
sulting in self-regulated balances between gas cooling and
AGN-(black-hole) driven and supernova-driven outflows.
These range from galaxy stellar mass functions (e.g., Baldry
et al. 2012; Ilbert et al. 2013), the mass-metallicity relation
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(MZR, e.g., Tremonti et al. 2004), gas scaling with SFR
(e.g., Hopkins et al. 2014), to the baryonic Tully-Fisher re-
lation (e.g., McGaugh et al. 2000; McGaugh 2012), and the
cosmic star-formation history of the Universe (e.g., Madau
& Dickinson 2014).
Dwarf galaxies1 are particularly susceptible to feed-
back, because winds from massive stars and SNe can ef-
ficiently eject gas and metals from a shallow potential well,
thus suppressing star formation (e.g., Gnedin et al. 2009;
Gnedin & Kravtsov 2010; Graziani et al. 2020). The low
star-formation efficiency (SFE) for dwarfs, predicted by the
stellar-DMH relation, contrasts with observational evidence
in which some local metal-poor star-forming dwarf galaxies
show short molecular depletion times, a signature of effi-
cient star formation (Hunt et al. 2015; Amor´ın et al. 2016).
However, the low SFE for halos [SFEDMH = M∗/( fB Mhalo)]
is relative to the cosmic baryon fraction fB; the low SFE
for SFR is the “observer’s definition” relative to the gas,
where SFEgas (= SFR/Mgas) and SFEH2 (= SFR/MH2) are
the inverses of gas depletion times.
The stochastic star-formation histories (SFHs) common
in dwarf galaxies (e.g., Tolstoy et al. 2009; McQuinn et al.
2010; Weisz et al. 2011; Gallart et al. 2015) may act over
long time scales to produce a net low SFEDMH, as expected
theoretically from the DMH relation. Short depletion times
(high SFEH2) in dwarf galaxies could be a “smoking gun”
for a typical, bursty SFH (e.g., Madau et al. 2014). On the
other hand, they could be a signature of galaxies with cur-
rent higher SFEDMH such as those found recently for galax-
ies in the Epoch of Reionization by the “Universe Machine”
(Behroozi et al. 2019).
From an observational point of view, feedback is not
straightforward to quantify and many clues are indirect.
The inefficiency of low-mass halos SFEDMH to form stars
depends on at least three processes: (P1) preventive feed-
back, the (lack of) availability of cold baryons from the host
halo; (P2) inefficiency of the star-formation process, the
conversion of the available gas into stars; and (P3) ejective
feedback, the outright expulsion of energy, momentum, and
material including gas, dust, and metals.
In this paper, we focus on two of these mechanisms:
the availability of cold gas to form stars (P1), and the
inefficiency of the star-formation process itself (P2). In a
companion paper (Tortora et al. 2020, in prep.), we exam-
ine the remaining mechanism, (P3), namely the efficiency
of metal enrichment and ejective feedback. To perform our
analysis, we need a sample of galaxies, with homogeneously-
determined parameters, that contains a significant quantity
of dwarf galaxies. In Ginolfi et al. (2020, hereafter Paper I),
we have constructed such a sample, Metallicity And Gas
for Mass Assembly (MAGMA), as described in Sect. 2.
The rest of the paper is organized as follows: we first
reexamine the conversion of CO luminosity L′CO to molec-
ular gas mass MH2 in Sect. 3. This new formulation of αCO
is used in Sect. 4 to establish scaling relations for the total
gas content, and the separate molecular and atomic com-
ponents. In Sect. 5, we assess the interplay between gas
and star formation, focusing in particular on the efficiency
of star formation with H2 (Sect. 5.1); Hi properties (Sect.
5.2); and the link between molecular and atomic gas (Sect.
5.3). We discuss the ramifications of our results in Sect.
6, and give our conclusions in Sect. 7. Throughout the pa-
1 With stellar masses Mstar <∼ 109 M.
per we assume that solar metallicity (O/H) is given by
12+log(O/H) = 8.69 (Asplund et al. 2009).
2. The MAGMA sample
We have recently compiled a sample of 392 galaxies (dubbed
MAGMA) with uniformly-derived stellar masses, Mstar,
SFRs, metallicity [12+log(O/H)], atomic gas mass (MHI),
and molecular gas mass (MH2); more than 30% of the
MAGMA galaxies are dwarfs with Mstar <∼ 3 × 109 M (Pa-
per I). MAGMA comprises more than 9 separate studies
in the literature with measurements of Hi mass and CO
luminosity, L′CO; these include xCOLDGASS (Saintonge
et al. 2017; Catinella et al. 2018); ALLSMOG (APEX Low-
redshift Legacy Survey of MOlecular Gas: Cicone et al.
2017); HRS (Herschel Reference Sample: Boselli et al. 2010,
2014a, 2015); KINGFISH (Key Insights into Nearby Galax-
ies, a Far-Infrared Survey with Herschel: Kennicutt et al.
2011; Aniano et al. 2020); NFGS (Nearby Field Galaxy
Survey: Kannappan et al. 2013); Virgo star-forming dwarf
galaxies (Grossi et al. 2016); BCDs (Blue Compact Dwarfs)
from Hunt et al. (2015) and Hunt et al. (2020, in prepara-
tion); DGS (Dwarf Galaxy Survey: Cormier et al. 2014);
and other single objects from various papers (see Paper I
for more details). The main requirement for MAGMA was
the existence of both CO and Hi detections, together with
spectroscopic measurements of O/H. As described in Pa-
per I, galaxies with spectroscopic evidence for active galac-
tic nuclei (AGN) or a composite nature were eliminated
from the sample. In addition, when possible (for HRS and
KINGFISH), galaxies showing an Hi deficiency were not
included.
Thus, MAGMA is a representative sample of star-
forming, isolated galaxies in the Local Universe. MAGMA
contains fewer low-mass galaxies than a purely mass-limited
sample, because of the difficulty in obtaining CO detections
and because of the selection criteria in some of the parent
surveys (e.g., xCOLDGASS, HRS). It is rather representa-
tive of the location of galaxies along the local star-formation
main sequence (SFMS) over a vast range in stellar mass.
Stellar masses and SFRs were uniformly calculated for
the entire MAGMA sample based on photometry from the
Wide-field Infrared Survey Explorer (WISE, Wright et al.
2010) and the Galaxy Evolution Explorer (GALEX, Morris-
sey et al. 2007). For Mstar, we used the formulation by Hunt
et al. (2019) given for the CIGALE calibration (see also Bo-
quien et al. 2019). This formulation is based on WISE W1
(3.4 µm) or IRAC (3.6 µm) luminosities, after correcting for
free-free nebular continuum emission associated with ion-
ized gas. SFR was calculated according to the precepts of
Leroy et al. (2019), based on WISE (W3, W4) and GALEX
photometry. These are calibrated on the GALEX-SDSS-
WISE Legacy Catalog(GSWLC) presented by Salim et al.
(2016, 2018), that relies on CIGALE fits of ∼700 000 low-
redshift galaxies.
Both Mstar and SFR are based on the underlying
CIGALE calibration, and on the Initial Mass Function
(IMF) by Chabrier (2003). In addition to the IMF, any
Mstar and SFR calibration also depends on the underlying
SFH. Salim et al. (2018) fit the SFH to an old stellar pop-
ulation, added to an exponentially decaying SFH, and a
young burst with nearly constant SFR. The CIGALE cali-
bration presented by Hunt et al. (2019) is based on a “de-
layed” parameterization SFH, coupled with an additional
Article number, page 2 of 22
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Fig. 1. sSFR plotted against Mstar in logarithmic units (left panel) and 12+log(O/H) (right) for the MAGMA sample. The heavy
dark-gray curves correspond to the medians of the binned MAGMA data, and the underlying gray region to a standard deviation
in either direction. The dark-gray plus signs report galaxies from the LVL sample as described in the text. The regression shown by
the long-dashed line indicates the best (power-law) fit for the SFMS to MAGMA, as given by Eqn. (1), and the short-dashed line
to fit of LVL+KINGFISH galaxies as described in the text. The heavy dashed (red) curve corresponds to the [cubic in log(Mstar)]
SFMS found by Saintonge et al. (2016). Galaxies are color-coded by gas fraction ( fgas, here defined as Mgas/Mstar) as indicated in
the color wedge in the right-most panel.
star-formation episode that could correspond to an old pop-
ulation or a younger one. Such a functional form gives a
nearly linear increase of the SFR from the onset of star for-
mation rather than an abrupt one (see Boquien et al. 2019,
for more details). The main ingredients, namely an expo-
nential (or approximately) declining SFH coupled with an
additional stellar population, is the same in both calibra-
tions, and should be similar enough to ensure consistency
in our estimates of Mstar and SFR.
Figure 1 shows for the MAGMA sample the relation of
specific SFR (sSFR≡ SFR/Mstar) and Mstar, where we have
framed the SFMS in terms of sSFR rather than SFR. The
underlying SFMS is shown as a dashed line:
log(sSFR/yr−1) = (−0.22 ± 0.02) log(Mstar/M)− (7.82 ± 0.17) . (1)
This SFMS corresponds to the robust least-squares power-
law best fit2, for the MAGMA galaxies. Also shown in Fig.
1 is the cubic form for the SFMS found by Saintonge et al.
(2016); the formulation pertains formally only to galaxies
with Mstar>∼ 108 M. In any case, it corresponds perfectly
down to Mstar <∼ 107 M in MAGMA galaxies, and also traces
the downward curvature beyond Mstar >∼ 3 × 1010 M. Also
shown in Fig. 1, is the fit to galaxies from the Local Volume
Legacy (LVL, see Dale et al. 2009) and KINGFISH taken
from Hunt et al. (2019), with the parameters computed in
the same way as for the MAGMA galaxies. It has a slightly
shallower power-law slope, ∼ −0.16 ± 0.02. The power-law
slope for MAGMA is consistent with earlier estimates of the
local SFMS (e.g., Elbaz et al. 2007) with slopes of ∼ −0.23.
Finally, the MAGMA medians are virtually identical to the
curved SFMS found by Saintonge et al. (2016), even at low
Mstar. All this suggests that overall, the MAGMA galaxies
are fundamentally a main-sequence sample; there are very
2 For all statistical analysis, we rely on the R statistical pack-
age: R Core Team (2018), R: A language and environment for
statistical computing, R Foundation for Statistical Computing,
Vienna, Austria (https://www.R-project.org/).
few galaxies having deviations larger than ∼ 1σ from the
SFMS trend, except possibly at low Mstar (see Paper I).
Metallicities in the form of nebular oxygen abundances,
O/H, were taken from the original works in the (linear) [Nii]
calibration by Pettini & Pagel (2004, hereafter PP04N2), or
according to the “direct” electron-temperature Te method;
the PP04N2 calibration is the closest strong-line approxi-
mation to the Te technique (see, e.g., Hunt et al. 2016a, for
further discussion). When neither of these were available,
the original calibration was converted to PP04N2 according
to the expressions given by Kewley & Ellison (2008). Ginolfi
et al. (2020) performed careful checks to ensure that the
various methodologies for metallicity determinations from
the original samples were not unduly affected by metallicity
gradients or aperture effects.
Atomic gas masses MHI were taken from the original
works (see Paper I), and were added to the molecular gas
mass to obtain total gas mass, Mgas. When possible, the Hi
mass was defined within the optical radius of the galaxies
(see Hunt et al. 2015), but in the majority of galaxies, the
measurements were global. This point will be discussed fur-
ther in Sect. 6.1. Molecular gas masses MH2 were inferred
from L′CO, using a metallicity-dependent conversion factor
αCO. In Paper I, we used an αCO with an approximately
quadratic metallicity dependence below Solar O/H, accord-
ing to the expression given by Hunt et al. (2015). Such a
dependence is consistent with the αCO dependence obtained
from dust-to-gas ratios (e.g., Leroy et al. 2011; Sandstrom
et al. 2013) and with independent calibrations of molecular
gas mass (Accurso et al. 2017). In this paper, we recalculate
molecular and total gas masses, revisiting the αCO conver-
sion factor by exploiting the MAGMA sample itself as the
fiducial reference calibration.
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3. The conversion of CO luminosity to molecular
gas mass: A new assessment
Under typical physical conditions, CO emission is optically
thick, but by comparing virial masses of molecular clouds
with their CO luminosity, it has been possible to associate
a given L′CO with MH2 through a simple conversion factor
αCO:
MH2 = αCO L′CO . (2)
CO can be photodissociated in an intense UV radiation
field (e.g., van Dishoeck & Black 1988; Wolfire et al. 2010),
so that self-shielding is necessary for significant CO emis-
sion to emerge. The implication is that αCO needs to be
larger in low-metallicity environments with low dust con-
tent and with harder and stronger UV fields. It also means
that carbon resides in atomic or ionized form when CO is
photodissociated, and that CO may cease to be a reliable
tracer of MH2 in these conditions (e.g., Wolfire et al. 2010;
Bolatto et al. 2013).
Much effort has been devoted over the last few decades
to quantifying the use of CO luminosity L′CO as a tracer
of molecular gas mass MH2 (e.g., Wilson 1995; Israel 1997;
Bolatto et al. 2008, 2013; Leroy et al. 2009, 2011; Schruba
et al. 2012; Genzel et al. 2012; Sandstrom et al. 2013; Genzel
et al. 2015; Hunt et al. 2015; Amor´ın et al. 2016; Accurso
et al. 2017). While most of the variation in αCO is usually
attributed to metallicity, O/H, there are also indications
that other parameters are at play such as sSFR (e.g., Genzel
et al. 2015; Accurso et al. 2017).
Here we use MAGMA to explore the limits above which
CO can trace molecular gas, and the dependence of αCO on
O/H, sSFR, and other available quantities. A caveat with
such an analysis is that the observers’ definition of SFEH2
is the inverse of the molecular depletion time τH2:
τH2 = MH2/SFR = αCO L′CO/SFR = (SFEH2)
−1 . (3)
Thus it is virtually impossible to disentangle the effects
of SFEH2, τH2 and αCO varying with metallicity or other
parameters; in fact, only the ratio of τH2/αCO is constrained
by the observables, L′CO and SFR. Moreover, the common
definition of SFEH2 is really an inverse timescale, making
a physical discussion of SFEH2 difficult, if not impossible,
with the observables at hand.
The correlation between SFR and CO luminosity L′CO
for MAGMA galaxies is shown in Fig. 2. The dashed line
corresponds to an imposed unit slope and a fitted off-
set of −8.51 ± 0.02, roughly consistent with the offset of
−8.42 found by Gao & Solomon (2004), converted from far-
infrared luminosity LFIR to SFR by Hunt et al. (2015). Part
of this difference can be attributed to the different IMFs;
the conversion of LFIR to SFR by Hunt et al. (2015) assumed
a Kroupa (2001) IMF that has an offset of −0.03 dex relative
to the Chabrier (2003) IMF used here. At a given metal-
licity, the MAGMA data are best fit with a slightly sublin-
ear slope (in logarithmic space) between SFR and L′CO, but
overall are consistent with the unit slope reported by Gao
& Solomon (2004). Figure 2 shows that at a given SFR,
the more metal-poor galaxies are shifted to the left, with
smaller L′CO, as also found by Hunt et al. (2015). This shift
corresponds to a variation of αCO with metallicity that we
explore below.
Assuming that SFR and L′CO are approximately linearly
related enables the exploitation of results by Saintonge et al.
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Fig. 2. SFR plotted against CO luminosity L′CO. The regression
shown by a long-dashed line indicates an imposed unit slope
and a best-fit offset of −8.51 ± 0.02, roughly consistent with the
correlation found by Gao & Solomon (2004) as described in the
text. Galaxies are color-coded by 12+log(O/H) as indicated in
the color wedge in the far-right panel.
(2011a,b). They found that τH2 is correlated with sSFR, in
the sense that shorter depletion times are associated with
larger sSFR (see also Huang & Kauffmann 2014, 2015; Gen-
zel et al. 2015). However, their sample was mass-selected
with little metallicity variation, so they could not explore
trends of τH2 and metallicity. In fact, it is well established
that sSFR and O/H are inversely correlated (e.g., Hunt
et al. 2012; Salim et al. 2014; Hunt et al. 2016a; Ginolfi
et al. 2020), so that it is not straightforward to separate
the two effects.
For MAGMA, as in Hunt et al. (2015), we adopt the hy-
pothesis that τH2 depends on sSFR, and assume that any
deviations from the global trend are governed by αCO and
its metallicity dependence. This albeit simplistic assump-
tion was validated by Accurso et al. (2017) who investigated
CO and C+ emission in a sample observed by Herschel, and
compared it with radiative transfer models of photodisso-
ciation regions (PDRs). They found that variations in αCO
can be almost totally ascribed to metallicity variations, with
only a small dependence on sSFR. Here we attempt to dis-
entangle the effects of metallicity and sSFR (and their mu-
tual correlation) and focus primarily on metallicity and its
impact on the destruction of CO through photodissociation
in metal-poor radiation fields.
Figure 3 illustrates the correlation of sSFR and the ratio
of L′CO and SFR for MAGMA. Using a robust least-squares
fitting algorithm, and applying it only to solar- and super-
solar metallicity galaxies, we find the best-fit regression:
log(L′CO/SFR) = (−0.46 ± 0.07) log(sSFR) + (3.91 ± 0.69)
if 12+log(O/H)≥ (O/H) . (4)
The relation has a median absolute deviation (MAD) of
0.19 dex for the 129 MAGMA galaxies at these metallici-
ties. The power-law slope of −0.46 is somewhat steeper than
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Fig. 3. Ratio of CO luminosity L′CO and SFR plotted against specific SFR (left panel), 12+log(O/H) (middle), and GALEX
FUV−NUV color (right). In the left panel, the long-dashed line corresponds to the robust fit given by Eqn. (4) and the (gray)
line to the shallower slope (−0.38) from Hunt et al. (2015). The gray shadowed region in the leftmost panel indicates the range of
uncertainty on the slope in Eqn. (4). Galaxies are color-coded by 12+log(O/H) as in Fig. 2.
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Fig. 4. GALEX FUV−NUV color plotted against log(sSFR) (top
panel), and 12+log(O/H) (bottom). Like in Fig. 2, galaxies are
color-coded by 12+log(O/H). The long-dashed lines correspond
to an approximation of the GALEX Blue Sequence and GALEX
Red Sequence as a function of O/H as described in the text.
the value of −0.38 found for the (much smaller) dataset of
Hunt et al. (2015), based mostly on the earlier version of
xCOLDGASS by Saintonge et al. (2011a); both trends are
shown in Fig. 3. Low-metallicity galaxies at high sSFR devi-
ate from the regression as indicated by the metallicity color
coding in the figure. The correlation of L′CO/SFR with O/H
is plotted in the middle panel of Fig. 3, where the associa-
tion of low L′CO/SFR with low metallicity is clearly evident.
In the right panel of Fig. 3, we have attempted to quantify
radiation-field hardness by the GALEX FUV−NUV color,
here corrected only for Galactic extinction as described in
Paper I. The use of FUV−NUV to probe radiation-field
hardness is compromised by its dependence on IMF and
star-formation history (SFH), in particular for early-type
galaxies (e.g., Zaritsky et al. 2015; Yıldız et al. 2017).
With the aim of quantifying radiation-field hardness, in
Fig. 4, we explore the dependence of FUV−NUV on sSFR
(top panel) and on O/H (bottom). NGC 1569 is an outlier
in both plots probably due to the difficulty in correcting
FUV−NUV for Galactic extinction because of its relatively
low Galactic latitude: according to Schlafly & Finkbeiner
(2011), AV = 1.90 mag, so it is extremely reddened by the
MW.
There is no straight single power-law dependence of
FUV−NUV on either sSFR or O/H, but rather a linear
(power-law) trend, and then a plateau. Such behavior also
emerged in the analysis of ∼2000 galaxies by Bouquin et al.
(2015) who plotted FUV−NUV against NUV−[3.6 micron]
colors, an approximate tracer of sSFR. They found evidence
for two trends: a tight GALEX Blue Sequence (GBS) up
to FUV−NUV∼0.7, and a broader GALEX Red Sequence
(GRS) for redder colors. By comparing the data with mod-
els, they attributed the GBS to actively star-forming galax-
ies over a wide range of Mstar, while more evolved, passive,
galaxies lie on the GRS. At one point, however, older early-
type galaxies become bluer in FUV−NUV because of the
UV upturn as galaxies age (e.g., Gil de Paz et al. 2007; Kavi-
raj et al. 2007; Rampazzo et al. 2007; Boissier et al. 2018).
Both the GBS (the more horizontal trends) and the GRS
(the almost vertical ones) can be seen in MAGMA data in
Fig. 4. Relative to (log) sSFR and 12+log(O/H), we have
performed piecewise regressions, corresponding roughly to
the GBS and the GRS, and these are overlaid in Fig. 4.
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This bimodal behavior of FUV−NUV makes it difficult to
unambiguously trace radiation-field hardness using this pa-
rameter. Another difficulty is caused by the level of redden-
ing and the shape of the dust attenuation curve, both of
which are expected to have an impact on FUV−NUV (e.g.,
Wyder et al. 2007).
The implicit assumption that we now make is that
metallicity is the best tracer of radiation-field hardness and
the propensity for CO to photodissociate. We make the fur-
ther assumption that the deviations of the trends for τH2
and sSFR depend on metallicity. Consequently, to attempt
to separate the effects on αCO of sSFR and metallicity, we
apply the regression of Eqn. (4) to the entire MAGMA sam-
ple, and plot the residuals of the fit in Fig. 5. The left panel
shows the residuals relative to sSFR and the right with re-
spect to 12+log(O/H). If we assume that αCO is constant
at solar metallicity and above (αCO), we can fit the resid-
uals at lower metallicity to a trend with 12+log(O/H) as
shown in the right-hand panel of Fig. 5. The scatter in the
fit (MAD) is 0.25 dex for the 261 MAGMA galaxies at sub-
solar metallicities3.
Assuming, as alluded to above, that the same correlation
of L′CO/SFR and sSFR continues to low metallicities, and
that the only deviation is due to metallicity variations, we
can convert the regression shown in the right panel of Fig.
5 to an expression for αCO:
αCO =

αCO (Z/Z)
−(1.55± 0.08)
if 12+log(O/H) < 8.69 ;
αCO
if 12+log(O/H) ≥ 8.69 ;
(5)
where Z/Z is quantified by dex[12 + log(O/H) − 8.69]. The
power-law metallicity dependence of 1.55 is somewhat shal-
lower than the quadratic dependence found by Hunt et al.
(2015), but consistent with other estimates using different
techniques (Amor´ın et al. 2016; Accurso et al. 2017, e.g.,
power-law slopes of 1.5−1.7). The difference relative to our
earlier, steeper, estimation of O/H dependence is related
to the slope of the L′CO/SFR ratio vs. sSFR. Here in Eqn.
(4) the regression with slope −0.46 is slightly steeper than
the best-fit value of ∼ −0.4 found by Hunt et al. (2015)
and Saintonge et al. (2011b). Fig. 3 illustrates the two re-
gressions. The most probable cause of this difference is the
way SFRs are calculated: Saintonge et al. (2011b) derive
SFRs from fitting of the optical-UV spectral energy distri-
butions, while in Paper I we use the empirical approach of
Leroy et al. (2019) based on FUV, NUV, and mid-infrared
luminosities, similar to the “ladder” technique described in
Saintonge et al. (2017). If we fix the slope of the regression
in Eqn. (4) to −0.4, we find a quadratic metallicity depen-
dence as in Hunt et al. (2015), but with a much poorer
overall fit for the larger MAGMA sample. Such behavior
exemplifies the difficulty in separating the effects of sSFR
and metallicity, showing that lingering dependencies almost
certainly exist within our formulation.
3 We have eliminated two galaxies from this fit because of their
extreme outlier nature, namely Mrk 209 and VCC 971 (galax-
ies from DGS and HRS, respectively, with unreliable CO detec-
tions). Despite the robust fitting algorithm, these two galaxies
alone change the power-slope from −1.55 (without them) to −1.50
(with them).
The choice of a broken power-law as a function of metal-
licity, rather than a continuous one (e.g., Amor´ın et al.
2016; Accurso et al. 2017), is motivated mainly by the data.
Rather than fitting only the lower metallicity points, we also
applied a continuous power law to fit the trend of L′CO/SFR
as a function of metallicity. In this case, the slope is shal-
lower, ∼1.3, rather than the best fit value of ∼1.55. To better
understand why, we fit with a power law only the metal-
rich galaxies (those with 12+log(O/H)≥ 8.69), and obtained
a negative slope of ∼ −0.3. This would imply that αCO varies
with metallicity in an unphysical way, αCO ∝ (Z/Z)0.3, but
would explain why the slope is shallower when we fit all the
galaxies, not just those with sub-Solar metallicities.
Physically, the variation of αCO with metallicity is moti-
vated primarily by considerations about dust shielding and
a higher ambient UV radiation field, neither of which is
expected to change dramatically above a limiting metallic-
ity. The theoretical exponential trend predicted by Wolfire
et al. (2010) is roughly flat at super-Solar metallicities, and
fairly well approximated by the broken power law we use
here. Glover & Mac Low (2011) carried out hydrodynam-
ical modeling of molecular clouds coupled with a chemical
network, and also found that αCO could be best formulated
as a broken power law. They found that the main variable
for αCO variation is visual extinction AV within the cloud,
and that above AV >∼ 3, the conversion factor αCO is roughly
constant. Thus, our use of a broken power law, namely a
variation with metallicity only below a certain metallicity
threshold (here we take it to be ∼Z) can be justified also
from a theoretical perspective.
In contrast to our technique, derivations of αCO based on
dust-to-gas ratios (DGRs) in resolved regions within galax-
ies generally give a weaker metallicity dependence, possi-
bly because of higher DGRs in the dense gas residing in
molecular complexes (e.g., Leroy et al. 2011; Sandstrom
et al. 2013). Virial-based H2 mass estimates give little or
no metallicity dependence (e.g., Leroy et al. 2006, 2011),
probably because the virial measurements only reflect the
CO-bright clouds (e.g., Bolatto et al. 2008).
In what follows, we adopt the αCO given by Eqn. (5),
with αCO = 3.2 M (K km s
−1 pc2)−1 (e.g., Saintonge et al.
2011b), not including a factor of 1.36 to account for helium.
When relevant, we assess the ramifications on our results
of our recipe for αCO.
4. Gas content and scaling relations with stellar
mass and SFR
The gas reservoir available to a galaxy regulates baryonic
cycling, and provides the fuel for star formation. Examining
the scaling relations among gas content, stellar mass, SFR,
and metallicity is crucial for understanding the physical
mechanisms behind the baryonic energy exchange. In Pa-
per I, we looked at scaling relations through several Princi-
pal Component Analyses (PCAs). Four-dimensional PCAs
with Mstar, SFR, O/H, and gas mass (either total Mgas,
atomic MHI, or molecular MH2) suggested that the param-
eter space for galaxies is two-dimensional (2D). In all the
PCAs examined (including 5D, 4D, and 3D), metallicity
was always the most dependent parameter (see also Hunt
et al. 2012, 2016a). Thus, it was not clear that adding in-
formation about gas content adds another dimension to the
description of a galaxy, although we re-examine this conclu-
sion below. The underlying implication is that gas content,
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Fig. 5. Residuals of the fit given by Eqn. (4) plotted against specific SFR (left panel) and 12+log(O/H) (right). The metal-poor
portion of the piece-wise regression in the right panel is given by log(L′CO/SFR) − fit = (1.55 ± 0.08) [12 + log(O/H)] − (13.51 ± 0.71),
and the “fit” refers to Eqn. (4), both shown by long-dashed (gray) lines. The gray shadowed region in the right panel indicates the
range of uncertainty on the slope in the above equation, and the short-dashed (gray) line corresponds to a power-law slope of 2.0
(compared to the best-fit value here of 1.55). As in Fig. 2, galaxies are color-coded by 12+log(O/H).
and possibly even the individual atomic and gas phases sep-
arately, can be predicted using only Mstar and SFR.
Observationally, molecular gas can be“expensive”to ob-
serve, especially in low-mass dwarf galaxies where CO and
other molecular tracers require high sensitivity, but also in
high-mass potentially quenched galaxies with low gas con-
tent. Yesuf & Ho (2019) use visual extinction AV, metal-
licity, SFR and/or the optical half-light radius to estimate
molecular and atomic gas masses to within factors of 2-3.
Here we improve on this accuracy using fewer parameters,
and examine scaling relations with Mstar and SFR for total
gas content in MAGMA, and also the separate gas phases,
Hi and H2. Our study follows a long line of pioneering ob-
servational efforts (e.g., Schiminovich et al. 2010; Wei et al.
2010; Haynes et al. 2011; Saintonge et al. 2011a; Cortese
et al. 2011; Huang et al. 2012; Stark et al. 2013; Kannap-
pan et al. 2013; Gavazzi et al. 2013; Bothwell et al. 2014;
Boselli et al. 2014b; Saintonge et al. 2017; Cicone et al.
2017; Catinella et al. 2018).
4.1. Trends of gas content with Mstar
First, we examine the relation of MHI and MH2 with Mstar.
The ratio of MHI to Mstar plotted against Mstar is illustrated
in the left panel of Fig. 6, and MH2/Mstar in the right. Like
Hi-selected samples such as ALFALFA that probe low Mstar
(Arecibo Legacy Fast ALFA survey, Haynes et al. 2011;
Huang et al. 2012; Haynes et al. 2018), MAGMA data show
a break around Mstar=3 × 109 M; below this threshold the
power-law slope between MHI/Mstar vs. Mstar is flatter than
above this limit. The best robust fit to the piecewise trend
for MAGMA galaxies is given by:
log(MHI/Mstar) =

(−0.14 ± 0.05) log(Mstar) + (1.09 ± 0.49)
log(Mstar) ≤ 9.5 ;
(−0.45 ± 0.07) log(Mstar) + (4.03 ± 0.68)
log(Mstar) > 9.5 .
(6)
There is significant scatter, 0.39 dex (MAD) in this rela-
tion, illustrating the large scatter in the MHI/Mstar ratio. We
experimented with different break Mstar around 109 M, and
found that log(Mstar/M) = 9.5 provides the lowest residu-
als. The spirit of this fit is similar to that reported by Huang
et al. (2012), although the slope for the massive ALFALFA
galaxies is steeper in the MHI/Mstar – Mstar plane (see their
Eqn. 1).
For a given stellar mass, the gas-rich MAGMA galaxies
(shown by the dark purple symbols, see color coding in
the right-hand wedge in Fig. 7) resemble the ALFALFA
galaxies, while the more gas-poor objects bring down the
median. This is particularly true in the mass range above
the Hi break mass of 109.5 M where the more gas-poor
galaxies are fairly well represented by the xGASS trend
(see Catinella et al. 2018).
The right panel of Fig. 6 illustrates the MH2/Mstar rela-
tion with Mstar. Unlike for Hi, there is no apparent break
mass and a single power-law slope is a fairly good approxi-
mation to the data. Here, as apparent also by eye, the MAD
scatter is lower, 0.24 dex, relative to Hi (0.39 dex); the ex-
cursions of the MH2/Mstar ratio are significantly smaller than
those of Hi.
Also shown in Fig. 6 are the xGASS and xCOLDGASS
medians which, however, incorporate non-detections (Sain-
tonge et al. 2017; Catinella et al. 2018). This biases MHI
and MH2 low and makes comparison with MAGMA difficult;
however, Fig. 6 shows that the xGASS galaxies behave sim-
ilarly to the Hi-selected ALFALFA sample, although offset
by ∼ −0.7 dex. In any case, the agreement of MAGMA with
the (binned) H2 content for MS xCOLDGASS galaxies is
good, at least up to the highest-Mstar bins where the dearth
of high-mass galaxies in MAGMA becomes apparent. This
comparison is meaningful because the formulation for αCO
used by Saintonge et al. (2017) is quite similar to ours (see
Accurso et al. 2017). MAGMA considers only H2 (and Hi)
detections, so that the upturning of the MAGMA median
trend relative to xCOLDGASS is probably due to their in-
clusion of H2 non-detections, similarly to the comparison
with xGASS shown in the left panel of Fig. 6.
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Fig. 6. Left panel: MHI/Mstar plotted vs. Mstar (logarithmic units). The piece-wise power-law regression for MAGMA is shown by
a dashed line, and the gray regions correspond to ± 1σ deviations of the binned data medians. The width of the distribution of
the residuals from this fit is 0.39 dex. Also shown as filled blue squares are the data from Maddox et al. (2015) for the Hi-selected
ALFALFA sample as described in the text. xGASS (Catinella et al. 2018) data are shown as filled black circles; these include Hi
non-detections (see their Table 1) so tend to be biased low relative to MAGMA with Hi detections only. Right panel: MH2/Mstar
plotted vs. Mstar. The filled black circles correspond to data from xCOLDGASS (Saintonge et al. 2017), and include only main-
sequence galaxies (see their Table 6). In both panels, the MAGMA medians of binned data are shown by heavy gray lines, and
MAGMA galaxies are colored by gas fraction as in Fig. 1.
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Fig. 7. Total gas content ratioed by Mstar (Mgas/Mstar) plotted
against Mstar. The robust best fit given by Eqn. 7 is shown by a
light-gray long-dashed line. As in Fig. 6 the means (and standard
deviations) from xGASS-CO are shown by filled black circles,
and the MAGMA medians with a heavy gray line. MAGMA
galaxies are colored by gas fraction as in previous figures
Figure 6 illustrates the importance of extending sta-
tistical studies to low Mstar. The galaxies below the Mstar
break are gas rich (see color coding), and bridge the gap
between representative samples such as MAGMA and Hi-
selected ones like ALFALFA. The large scatter at these
masses shows that more observations are needed at low
Mstar, but the requirement of CO detections for H2 makes
this currently very time-consuming.
The analogous relation for total gas mass Mgas is shown
in Fig. 7. The comparison with XGASS-CO is also given in
Fig. 7, and, as before, the similarity of the αCO formation
used by Catinella et al. (2018) for Mgas gives meaning to
the comparison. The best robust fit of Mgas/Mstar vs. Mstar
is given by:
log Mgas/Mstar = (−0.28 ± 0.02) log(Mstar)+(2.51 ± 0.22) . (7)
The scatter in terms of MAD is 0.33 dex, worse than that
with MH2, but better than with MHI alone.
4.2. Trends of gas content with Mstar and SFR
We now explore the implication provided by the PCAs from
Paper I that gas content can be well described by only Mstar
and SFR. As outlined in Paper I, the PCAs did not lend
themselves to the estimation of gas mass (MH2, MHI Mgas)
by inverting the PCAs. Here we perform robust fits of gas
quantities as a function of Mstar and SFR. We find the fol-
lowing expression for MH2 as a function of Mstar and SFR:
log MH2 = (0.59 ± 0.04) log(Mstar)
+ (0.35 ± 0.04) log(SFR) + (3.02 ± 0.36) . (8)
Figure 8 shows the comparison of predicted (using Eqn.
8) and observed values of (log)MH2, with the right panel
illustrating the deviations from the best robust-fit predic-
tion. The expression in Eqn. (8) is accurate to ∼0.21 dex,
assessed by fitting a Gaussian to the residuals of the fit, as
shown in the right panel of Fig. 8 (the MAD for this fit is
0.22 dex).
The analogous regression of MHI vs. Mstar and SFR is
shown in the left panel of Fig. 9, with the prediction for
MHI along the ordinate taken from the following expression:
log MHI = (0.41 ± 0.06) log(Mstar)
+ (0.35 ± 0.07) log(SFR) + (5.43 ± 0.59) . (9)
The scatter for MHI as a function of Mstar and SFR is sig-
nificantly larger (0.39 dex) than that for MH2. The scatter
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Fig. 8. Observed values of
log(MH2) in the MAGMA sample
compared to those predicted by
the regression as a function of
Mstar and SFR given in Eqn. (8).
The regression is illustrated by
the gray-dashed line. The right
panel shows the residuals and the
Gaussian fit; the 1σ dispersion
of the Gaussian is 0.21 dex as
discussed in the text. Galaxies are
colored by gas fraction as shown
in previous figures.
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Fig. 9. Left panel: Observed values of log(MHI) in the MAGMA sample compared to those predicted as a function of Mstar and SFR
given by Eqn. (9) and shown by a long-dashed line; the 1σ dispersion of the Gaussian is 0.39 dex as discussed in the text. Right
panel: Observed values of log(Mgas) in the MAGMA sample compared to those predicted by the regression as a function of Mstar and
SFR and given in Eqn. (10); the gray-dashed line corresponds to this regression, and the 1σ dispersion of the Gaussian is 0.31 dex
as discussed in the text. Galaxies are colored by gas fraction as shown in previous figures.
is the same as that obtained from the piece-wise power-
law fit of MHI against Mstar, showing that nothing is gained
by introducing SFR as an additional parameter (although
here we find no clear evidence for a break mass). The color
coding in Fig. 9 suggests that atomic gas content is un-
derestimated by the regression in Eqn. (9) in the galaxies
that are more gas rich (blue tones), and overestimated in
the ones that are more gas poor. The implication is that in
terms of scaling relations Hi behaves differently than H2;
while H2 apparently depends closely on Mstar and SFR, Hi
is the more independent variable. This may be due to the
greater variation in the availability of atomic gas in the gas
reservoir within the galaxy, and surrounding it the CGM,
and from which the H2 is formed and then converted into
stars.
There have been many previous attempts to quantify Hi
content in galaxies, with varying degrees of scatter in the
final result. Kannappan (2004) found that MHI/Mstar corre-
lates with optical colors with a dispersion of ∼0.4 dex, sim-
ilar to the scatter in our approach described above. Addi-
tional parameters such as surface brightness, stellar surface
mass density, and hybrid UV-optical colors improved the
scatter to ∼0.3 dex (e.g., Zhang et al. 2009; Li et al. 2012).
Axial ratios were also found to reduce dispersion in photo-
metric descriptions of Hi/Mstar (Eckert et al. 2015). More
recent predictions of Hi content based on machine learning
(e.g., Teimoorinia et al. 2017; Rafieferantsoa et al. 2018)
have improved the dispersion even more to ∼0.2 dex; how-
ever, these techniques require large training sets with Hi
detections. Zu (2020) applies Bayesian techniques to elimi-
nate the Malmquist bias in Hi-selected surveys, and is thus
able to overcome previous limitations for samples with low
Hi content; this approach is able to predict overall MHI/Mstar
gas fractions to within 0.27 dex. The salient feature of these
efforts is that galaxies with blue and red colors behave very
differently in their Hi content, and thus to some extent
thwarts attempts to derive a robust Hi predictor over a
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Fig. 10. Observed values of
log(Mgas) in the MAGMA sample
compared to those predicted by
Eqn. (11) as a function of Mstar,
SFR, and MHI; the regression is
illustrated by the gray-dashed
line. Unlike Fig. 9 and Eqn. (10),
here the independent variables
include MHI. The right panel
shows the residuals and the
Gaussian fit; the 1σ dispersion
of the Gaussian is ∼0.05 dex as
discussed in the text. Galaxies are
colored by gas fraction as shown
in previous figures.
large range in Mstar. We explore this point further in Sects.
5.2 and 6.
For total gas content, MHI +MH2 = Mgas, the analogous
regression is only slightly noisier (∼0.3 dex) than that for
MH2 alone:
log Mgas = (0.42 ± 0.05) log(Mstar)
+ (0.37 ± 0.05) log(SFR) + (5.43 ± 0.47) . (10)
The comparison for Mgas is shown graphically in the
right panel of Fig. 9 with the prediction for Mgas given by
Eqn. (10). Although similar qualitatively, the dependencies
on Mstar and SFR for Mgas are somewhat weaker than for
MH2, as a result of the relative weights of H2 and Hi in total
gas content (c.f., Eqn. 9).
Given that Hi seems to behave differently, more inde-
pendently (that is to say with more scatter) than H2 and
with less dependence on SFR (c.f., Eqns. 8, 9), we explored
the possibility of a regression for Mgas including MHI as an
independent variable. This is important because total bary-
onic mass is often inferred from Hi mass and stellar mass
alone, without including the effects of H2. As shown in Fig.
10, performing a regression gives an excellent fit, with very
low dispersion: σ= 0.054 dex as fitted by a Gaussian as in
the right panel of Fig. 10 (MAD σ= 0.063 dex). The pre-
diction for Mgas depicted in the vertical axis is given by the
following expression:
log Mgas = (0.77 ± 0.01) log(MHI) + (0.11 ± 0.01) log(Mstar) +
(0.09 ± 0.01) log(SFR) + (1.16 ± 0.10) . (11)
Figure 10 shows explicitly that once MHI is included in
the expression for Mgas, total gas mass can be determined
to very high accuracy (∼0.05 dex). This implies that the
three-space of Mstar, SFR, and MHI is not a true plane; the
larger scatter for MHI in the Mstar − SFR regressions is be-
cause MHI cannot be reduced to a simple Mstar − SFR depen-
dence. Molecular gas mass MH2 behaves differently because
H2 content depends more strongly on Mstar and SFR, so that
its amount can be accurately predicted (to within ∼0.2 dex)
using only these variables.
For the MAGMA sample, the mean deviation from Mgas
estimated from Eqn. (11) and MHI, typically used to infer
total baryonic mass, is 0.13 dex, ∼35%. However, the differ-
ence between MHI and Mgas can be as large as a factor of
3 or more. The discrepancy between MHI and Mgas is larger
for those galaxies with small gas fractions, as these are typ-
ically H2-dominated. Thus, for accurate estimates of total
gas mass and baryonic content, it is important to consider
total gas, rather than only Hi. Selection effects will also play
a role because if galaxies have similar specific SFRs, and a
small range in stellar mass, they will also have similar H2
content (see Eqn. 8), and will thus give a tight, but pos-
sibly spuriously so, scatter in Tully-Fisher baryonic mass
regressions.
The PCA analysis discussed in Paper I suggests that gas
mass in the Local Universe, and in particular MH2, depends
on only Mstar and SFR. However, we have found that atomic
gas is a more independent variable relative to H2, and the
degree to which gas mass can be well predicted using Mstar
and SFR will depend on whether galaxy samples are Hi-
selected, selected on Mstar, or, like MAGMA, representative
of isolated galaxies across a wide range of parameter space.
In the following, we discuss the relation between the two gas
phases, in the context of their relation with star formation.
5. The molecular and atomic gas phases across the
stellar mass spectrum
As shown above, the molecular and atomic gas components
of dwarf galaxies, spiral disks, and massive bulge-dominated
galaxies differ in their behavior as a function of Mstar and
SFR. Here we explore the different gas phases separately,
and then compare them over different Mstar regimes. We also
examine the results in the context of the feedback processes
outlined in the Introduction, namely (P1) preventive feed-
back, the availability of a gas reservoir for star formation;
and (P2) star-formation efficiency, the ability to turn gas
into stars. The first mechanism, preventive feedback P1,
depends mainly on atomic gas, while the second, SFE P2
is tightly linked with the molecular component. We first
discuss the molecular gas in connection with P2, followed
by the atomic gas for P1, and how the two gas phases are
partitioned in the ISM.
5.1. Star-formation efficiency with molecular gas
Because molecular gas fuels the star-formation process,
molecular depletion times are a measure of the timescale
Article number, page 10 of 22
L. K. Hunt et al.: Scaling relations and baryonic cycling in local star-forming galaxies: II. Gas content and SFE
6 7 8 9 10 11
7
8
9
10
11
VCC 971
α CO ∝ (Z/Z☉) −
1.55
log( Mstar / Msun )
lo
g(
  τ
H
2
 / 
yr
 ) 
= 
lo
g(
 1
/S
FE
H
2
 )
-11 -10 -9 -8
log( sSFR / yr-1 )
VCC 971
α CO ∝ (Z/Z☉) −
1.55
-11 -10 -9 -8
α CO ∝ (Z/Z☉) −
2
log(sSFR / yr -1)
7.5
7.8
8.1
8.3
8.5
8.6
8.7
8.8
9.1
12 +
log(O/H)
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of the transformation of gas into stars. As discussed above,
τH2, the inverse of SFEH2, is not necessarily a measure of
true efficiency, because of the difficulty in translating SFEH2
into the amount of gas converted into stars over a stan-
dard timescale such as free-fall time or dynamical time (e.g.,
Krumholz et al. 2009). SFEH2 is also inextricably linked to
cloud lifetimes in a typical galaxy environment (Krumholz
& Tan 2007), and the global measurements for MAGMA
do not constrain this quantity. Ultimately, τH2 and SFEH2
signify the rapidity of star formation from a given gas reser-
voir, which depends on the mean lifetime of star-forming
clouds and the true efficiency of star formation. Here we
explore with MAGMA global timescales for star formation
and how these change with various quantities.
Molecular depletion times for the MAGMA sample,
computed as in Eqn. (3) with αCO according to Eqn. (5),
are shown in Fig. 11. H2 depletion times depend only
very weakly on Mstar, as illustrated in the left panel. The
MAGMA sample extends the trend beyond Mstar<∼ 109 M.
Although there is a weak trend for increasing τH2 above this
limit, in agreement with previous work (e.g., Leroy et al.
2013; Boselli et al. 2014b; Saintonge et al. 2017), below this
mass, there is no clear trend. There are some galaxies with
very short depletion times (∼ 107 yr), but the scatter is
large. Further molecular-gas observations of very low-mass
galaxies are needed to confirm the trend with Mstar.
Unlike the weak trend of τH2 with Mstar, τH2 is strongly
correlated with sSFR, as shown in the middle panel of Fig.
11. For sSFR<∼ 10−11 yr−1 and sSFR>∼ 10−9 yr−1, there are
too few MAGMA galaxies to constrain τH2. However, within
these ranges, over two orders of magnitude in sSFR, shorter
molecular depletion times τH2 are associated with increas-
ing sSFR (see also Sect. 3). There is also relatively small
scatter associated with this fit, ∼0.2 dex. For MAGMA
galaxies, τH2 ranges from ∼ 108 yr for sSFR ∼ 10−8 yr−1 to
∼ 3 × 109 yr for sSFR ∼ 10−11 yr−1. The agreement with
xCOLDGASS (Saintonge et al. 2017) is excellent, as shown
by the heavy red long-dashed lines in Fig. 11; the exten-
sion of MAGMA to almost two orders of magnitude higher
sSFR is also apparent in the comparison. Such a general
trend is in agreement with other previous work (e.g., Leroy
et al. 2013; Bothwell et al. 2014; Boselli et al. 2014b; Huang
& Kauffmann 2014, 2015; Genzel et al. 2015; Catinella
et al. 2018), although the specific formulation depends on
the form of αCO, and also on the methods for calculating
Mstar and SFR. This agreement is perhaps not surprising
given that MAGMA comprises samples from these studies
(ALLSMOG, HRS, xCOLDGASS). The middle and right
panels in Fig. 11 compare the depletion times (and implic-
itly the H2 mass) calculated with the two power-law slopes
for the αCO metallicity dependence. The steeper slope shown
in the right panel results in a noisier data distribution, with
many more outliers relative to the middle panel.
MAGMA extends the previous trends of τH2 and sSFR
to higher sSFR and lower Mstar than previous samples. How-
ever, the MAGMA selection criteria require detections in
CO (and Hi), thus systems with relatively high SFR. This
consideration is particularly relevant for low Mstar and may
influence the trends of τH2. Nevertheless, the extension to-
ward higher sSFR seems to be roughly a continuation of the
lower sSFR regime (e.g., Saintonge et al. 2011b, 2017). Al-
though caution is warranted, and new observations at low
Mstar are needed for confirmation, τH2 is fairly tightly corre-
lated with sSFR in galaxies, at least over the mass regime
probed by MAGMA.
If the trend of τH2 with sSFR is taken at face value, we
would conclude that star formation is more “efficient” at
high sSFR, and thus also at low metallicity (notice color
coding, see also Fig. 1). Thus if we examine the feedback
process (P2 ), namely the efficiency with which gas is con-
verted to stars, there is an apparent contradiction with the
low values of SFEDMH at low halo (and stellar) mass: low-
mass metal-poor galaxies with larger sSFR than in more
metal-rich and massive galaxies, are more, not less, effi-
cient at forming stars. This illustrates the conundrum of
associating low SFEDMH with a low SFEH2; they are not di-
rectly connected, on the contrary. The first is a process of
hierarchical growth, and the second is a baryonic process,
the timescales of which are almost certainly different. Hi-
erarchical timescales depend on the availability of baryons
and the accretion of (Hi) gas from the CGM, while SFR
timescales are related to the conversion of H2 to stars. The
missing link here is the atomic gas content and the relation
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Fig. 12. Atomic gas depletion time, τHI, plotted against Mstar in the left panel, and against sSFR in the right (both in logarithmic
units). The best-fit power-law regressions are shown by short-dashed gray lines in both panels, and the MAGMA medians by a
heavy curve; the gray regions correspond to ± 1σ of the data. The heavy red long-dashed curves give the xCOLDGASS medians
(Saintonge et al. 2017). As in Fig. 1, galaxies are colored by gas fraction.
between Hi and H2, and we examine both in the next two
sections.
5.2. Depletion times of atomic gas
The availability of gas is the basic requirement for star for-
mation, and is directly related to the preventive feedback
mechanism (P1) alluded to in the Introduction. Although
atomic gas does not contribute directly to star formation
(but see Krumholz 2012), Hi plays a role in regulating star
formation through total gas column density. Several theo-
retical arguments suggest that the conversion of Hi to H2
is driven by total gas surface density because of the need
for self-shielding (e.g., Wolfire et al. 1995; Krumholz et al.
2009), or the requirement of thermal/dynamical or hydro-
static equilibrium (Ostriker et al. 2010; Krumholz 2013b).
Thus, Hi content can be considered as fundamental for set-
ting the stage for star formation in a galaxy. Moreover, as
shown in the previous Section, Hi behaves differently from
H2, seemingly a more independent parameter in the descrip-
tion of a galaxy.
Atomic gas depletion times τHI (τHI ≡MHI/SFR) are il-
lustrated in Fig. 12. The trend of τHI with Mstar is shown in
the left panel, and agrees with much previous work show-
ing little, if any, dependence on Mstar (e.g., Schiminovich
et al. 2010; Boselli et al. 2014b; Saintonge et al. 2017). The
mean τHI of 3.2 Gyr for MAGMA galaxies is also in excel-
lent agreement with these previous estimates. Interestingly,
Hi-selected samples such as ALFALFA have a mean τHI
almost three times higher, ∼9 Gyr (Huang et al. 2012). Al-
though the dependence of both τH2 and τHI on Mstar is weak,
comparing Figs. 11 and 12 suggest opposite trends: for H2,
depletion times are increasing with Mstar, while for Hi, they
are (slightly) decreasing.
In apparent contrast with previous studies, here we find
a clear dependence of τHI on sSFR, as illustrated in the
right panel of Fig. 12. This again is due to the extension of
MAGMA to lower Mstar and thus higher sSFR. For MAGMA
galaxies, τHI is ∼ 3 × 108 yr for sSFR ∼ 10−9 yr−1 increasing
to ∼ 1010 yr for sSFR ∼ 10−11 yr−1. The shortest Hi depletion
times at large sSFR are comparable to τH2, but at small
sSFR, the longest τHI are more than 10 times larger. The
scatter for the robust fit of τHI vs. sSFR is also twice as large
(0.44 dex) than that for τH2 (0.22 dex). This large degree of
scatter suggests a weaker trend for τHI than for τH2 and the
need for more data in this high sSFR, low-Mstar regime.
Saintonge et al. (2017) found that Hi depletion times
were roughly constant with both Mstar and sSFR, while here,
with the extension to higher sSFRs provided by MAGMA,
we find a significant trend. The agreement is good for the
range of sSFR in common, but the higher sSFRs probed
by MAGMA suggest a significant decrease down to sSFR
<∼ 10−9 yr−1. At a given sSFR (or Mstar), the most gas-rich
galaxies (colored by dark blue) tend to have shorter τHI than
the gas-poor ones. Nevertheless, the trend is only hinted at
by the relatively few galaxies in this extreme high sSFR,
low-mass regime; more data are needed to confirm it.
5.3. The relation between molecular and atomic gas
Understanding how the total gas is partitioned into molec-
ular and atomic phases, and the efficiency of the conver-
sion of Hi to H2, requires measurements of the Hi/H2 ratio
over a broad range in Mstar. Such measurements are cru-
cial to quantify the physical mechanisms behind star for-
mation and baryonic cycling in galaxies. The results pre-
sented above suggest that both Hi and H2 are involved, al-
beit to different degrees, in the regulation of star formation.
However, previous work (e.g., Bothwell et al. 2014; Boselli
et al. 2014b; Catinella et al. 2018), including studies of re-
solved galaxies (e.g., Bigiel et al. 2008; Leroy et al. 2013)
and theoretical models (e.g., Krumholz et al. 2011), has
established that molecular gas is more closely associated
than the atomic component with the star formation pro-
cess (although see Wang et al. 2020). To understand this
distinction, here, with MAGMA, we examine the Hi/H2 ra-
tio and the scaling across different regimes in stellar mass
and SFR.
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Fig. 13. Mass ratio of atomic-to-molecular gas plotted vs. Mstar in the left panel, and vs. sSFR in the right (both in logarithmic
units). As in Fig. 12, the long-dashed lines correspond to the best-fit power-law regressions, and the heavy curve to the MAGMA
medians. The gray regions show the ± 1σ excursions of the data. The heavy red long-dashed curve corresponds to the binned data
from xGASS-CO (see Catinella et al. 2018). Galaxies are colored by gas fraction as in Fig. 1.
The ratios of MHI and MH2 are plotted in Fig. 13; the
left panel shows the comparison with Mstar and the right
panel with sSFR. In agreement with previous work (e.g.,
Bothwell et al. 2014; Boselli et al. 2014b; Catinella et al.
2018), MHI/MH2 decreases with increasing Mstar, and shows
little, if any, variation with sSFR. The best robust fit for
MHI/MH2 against Mstar shown in Fig. 13 is given by:
log(MHI/MH2) = (−0.17 ± 0.03) log(Mstar/109)+ (0.75 ± 0.03) . (12)
Although the parameters of the fit are determined with
fairly high accuracy, there is much scatter, with a best-
fit MAD of 0.5 dex. The galaxies with the lowest gas frac-
tions fgas (≡Mgas/Mstar, see Fig. 1) can have MHI/MH2 less
than unity, but otherwise atomic gas is always the domi-
nant component. The median MHI/MH2 ratio exceeds unity
over the entire Mstar regime probed by MAGMA even for
the most massive galaxies; for Mstar >∼ 5 × 1010 M, on aver-
age, MHI/MH2 ∼ 2. For galaxies 20 times less massive, Mstar ∼
3 × 109 M, the average ratio is more than 3 times higher,
MHI/MH2 ∼ 7. In the most gas-rich galaxies, MHI/MH2 can
be as high as 10 or more, and can exceed values of 30 in
some cases.
That even galaxies above the characteristic Schechter
mass Mstar ∼ 3 − 4 × 1010 M (e.g., Schechter 1976; Baldry
et al. 2012) have a significant atomic gas reservoir is not a
new result. Recently Zhang et al. (2019) claimed that even
“quiescent”massive disk galaxies have an Hi content compa-
rable to their star-forming counterparts. However, Cortese
et al. (2020) countered this claim by analyzing the SFRs
used by Zhang et al. (2019). They found that the SFRs used
by Zhang et al. (2019) were systematically low, thus the
galaxies they considered quiescent were in fact star form-
ing. Either way, the massive galaxies in MAGMA (and pre-
viously xGASS, xCOLDGASS: Catinella et al. 2018; Sain-
tonge et al. 2017) clearly host significant amounts of gas,
both Hi and H2. The question is: how does the partition of
Hi and H2 change with SFR?
To answer this, we have divided MAGMA into three
stellar mass bins: one corresponding to the galaxies having
Mstar below the Hi break of Mstar ∼ 3× 109 M shown in Fig.
6, one with Mstar above the characteristic Schechter mass of
Mstar ∼ 3 − 4 × 1010 M, and one between these two limits.
The Mstar value of 3 − 4 × 1010 M is significant not only for
the local stellar-mass function (usually fit by a Schechter
function, Schechter 1976; Baldry et al. 2012), but also for
many other physical processes which we discuss in Sect. 6.
Figure 14 shows gas mass plotted against SFR for the
three mass bins (left panel), and for the two extreme bins,
Mgas/Mstar vs. sSFR (right). The high-mass regime clearly
differs from the low-mass one. The upper portion of the
left panel illustrates the Hi and H2 masses for the massive
galaxies; MHI does not vary with SFR over this Mstar bin,
while MH2 increases with increasing SFR. This behavior at
the high-mass end is in excellent agreement with the trends
shown by Zhang et al. (2019), and suggests that the Hi in
these massive systems does not participate directly in the
star-formation process.
In contrast, MHI and MH2 in the low-mass bin behave
similarly to one another; both show a marked increase in
gas content with increasing SFR although, at relatively high
SFRs (SFR>∼ 0.6 M yr−1), both gas components in the low-
mass bin show a downturn. Instead, at similar SFRs, in
the intermediate-Mstar bin both the atomic and molecular
phases are monotonically increasing with SFR. The impli-
cation is that at intermediate masses, both gas phases are
involved in ongoing episodes of star formation, while in low-
mass dwarf galaxies Hi the star formation is unable to keep
up with the amount of gas.
The right panel of Fig. 14 instead shows Mgas/Mstar plot-
ted against sSFR (here in logarithmic scale). Again, the
high-Mstar bin shows that Hi is disconnected from the star-
formation process, as there is little variation in MHI/Mstar
over a factor of 3 change in sSFR. However, the molecu-
lar component, relative to stellar mass, increases systemat-
ically with sSFR, again suggesting that at these masses H2
is directly fueling SFR. For low-mass galaxies, the ratio of
MH2 and Mstar is relatively constant with sSFR, while the
analogous ratio for Hi shows a fairly constant rise, up to
the highest sSFRs probed by MAGMA. This is yet another
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Fig. 14. Gas mass plotted against SFR (left) and ratio of gas mass and stellar mass plotted against sSFR (right, in logarithmic
units). In both panels, the MAGMA sample has been divided into three Mstar bins (Mstar ≤ 3×109 M, 143 galaxies; 3×109 M <Mstar <
3×1010 M, 210 galaxies; Mstar ≥ 3×1010 M, 39 galaxies). The binned medians for MH2 are shown by orange circles and MHI by purple
squares; only bins with number of galaxies ≥4 are plotted. The low-Mstar bins are connected with dashed lines, the high-mass bins
with solid ones, and the intermediate bin with dot-dashed; the hatched area shows the spreads of the intermediate Mstar regime.
The shaded regions correspond to ± 1σ spreads of the binned parameters. In the right panel, only the highest and lowest Mstar bins
are shown.
indication that at low Mstar, atomic gas is necessary ingre-
dient for star formation to proceed and participating (at
least indirectly) in the process of star formation.
6. Three mass regimes in galaxy evolution
Based on the NFGS, Kannappan et al. (2013) identified
two transitions in galaxy morphology, gas fractions, and
fueling regimes. As seen above, the MAGMA sample also
shows evidence for transitions at low and high Mstar (see
e.g., Fig. 14), and here we explore the resulting ramifica-
tions for galaxy evolution. The H2 and Hi detections for
MAGMA enable us to probe the total gas content, and its
relation with star-formation properties; Kannappan et al.
(2013) had only few galaxies with H2 (CO) measurements,
so were impeded by the lack of data for MH2 and thus total
Mgas. In addition, there were very few galaxies in Kannap-
pan et al. (2013) with Mstar<∼ 3 × 109 M. Thus, MAGMA
allows a more detailed study of the behavior of low-mass
galaxies.
Before discussing in detail changes in gas properties over
the different mass regimes, we need to consider whether or
not the Hi and H2 contents in MAGMA galaxies could be
subject to a systematic bias. Our Hi (and H2) measure-
ments are mainly global measurements (although see Hunt
et al. 2015), so it is virtually impossible to identify the loca-
tion of the gas components within the galaxy. A bias could
occur if the Hi in low-Mstar galaxies were to lie predomi-
nantly outside the galaxy, while in more massive galaxies
to be more closely confined to the stellar star-forming disk,
similarly to H2. To test this, we have adopted the approach
of Wang et al. (2020) who deduced the amount of Hi within
the disks of xGASS galaxies and compared it to H2 content.
Our analysis is described in detail in Appendix A. The re-
sults suggest that although much of the Hi gas falls outside
the stellar disk, as expected and in agreement with Wang
et al. (2020), there is no systematic variation with stellar
mass. Thus, the Hi gas in low-mass galaxies is spatially con-
figured in a similar way as the Hi in high-mass systems, and
no bias should be introduced in our analysis of H2 and Hi
gas properties for this reason.
6.1. Accretion-dominated, low-mass galaxies
The first transition noted by Kannappan et al. (2013) was
considered a“gas-richness”threshold; galaxies below a tran-
sition stellar mass of log(Mstar/M)∼9.5 were found to be
“accretion dominated”, characterized by overwhelming gas
accretion. In the MAGMA sample, this mass scale emerges
as a break in the trend of MHI and Mstar (see Sect. 4 and Fig.
6). This same low-mass break also emerges in the MAGMA
galaxies as a gas-accretion threshold signature for effective
metallicity yields (e.g., Garnett 2002; Dalcanton 2007). We
explore the relation between gas content and metallicity in
a companion paper (Tortora et al. 2020, in prep.)
Fig. 14 shows that for low-mass MAGMA galaxies,
MH2/Mstar remains relatively constant over a factor of 10 in-
crease in sSFR. In contrast, MHI/Mstar increases with sSFR∼
1.5 × 10−10 yr−1, remains flat until sSFR∼ 3 × 10−10 yr−1,
then increases with sSFR up to the highest sSFRs (∼
2 × 10−8 yr−1) probed by MAGMA. We interpret this as
a confirmation of the scenario proposed by Kannappan
et al. (2013), namely that these low-mass galaxies with high
sSFR are accreting gas faster than they can process it. High
sSFR means that these systems are forming stars rapidly,
but does not signify much in terms of their star-forming
efficiency. This is particularly true for the long timescales,
and thus low “efficiency”, implied by the relatively large Hi
depletion times (see Fig. 12). Indeed, as stated by Kannap-
pan et al. (2013): “if the gas is pouring in faster than even
the highest-sSFR galaxies can possibly consume it, such
galaxies might be better termed ‘overwhelmed’ rather than
‘inefficient’”.
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Central to the notion of “overwhelmed” is the idea that
there may be a limit to how fast, and how efficiently, gas can
be converted into stars. Limitations governed by the inter-
play between pressure and turbulence in galaxy disks may
be impossible to overcome. In a volume-limited sample of
galaxies, Karachentsev & Kaisina (2013) noticed that there
is a maximum sSFR, log(sSFR/yr−1)∼ −9.4, above which
there are very few galaxies. A similar sSFR limit was found
by Schiminovich et al. (2010) in a sample of Hi-selected
galaxies from ALFALFA. Because of the presence of low-
mass starbursts, MAGMA extends the range of maximum
sSFR values to somewhat higher values (see Fig. 1), but the
general trend toward lower Mstar (and higher sSFR) is very
shallow. Although definitely not a typical stellar disk, even
the prototypical ultraluminous infrared galaxy, Arp 220, has
an sSFR comparable to the highest values in MAGMA with
log(sSFR/yr−1)∼ −8.6 (U et al. 2012)4.
A possible explanation for such a limit is furnished by
theoretical arguments that propose that star formation in
disk galaxies is regulated through stellar feedback and tur-
bulence (e.g., Ostriker et al. 2010; Ostriker & Shetty 2011;
Hayward & Hopkins 2017). Although “maximum intensity
starbursts” are usually defined in terms of surface bright-
ness (e.g., Meurer et al. 1997; Hathi et al. 2008; Hopkins
et al. 2010), sSFR is a closely-related proxy. Thus, if star
formation is truly regulated by internal feedback and turbu-
lence as proposed theoretically, given copious gas accretion,
it may not be possible for galaxies to convert the accreted
gas into stars more rapidly than these limitations allow.
6.2. Gas-poor, high-mass galaxies
The second transition identified by Kannappan et al. (2013)
corresponds to a bimodality threshold, roughly indicating
a “quenched” regime at log(Mstar/M)>∼ 10.5, populated in
their sample by spheroid-dominated, gas-poor galaxies with
low rates of star formation over the last Gyr. This Mstar
threshold also signifies several transitions in galaxy demo-
graphics: a signature of bimodality in galaxy color (the
“blue cloud” to the “red sequence”, e.g., Kauffmann et al.
2003; Nelson et al. 2018); a transition in morphology from
disk-dominated, low surface brightness systems to centrally
concentrated, high Se´rsic index, and high surface bright-
ness (e.g., Bundy et al. 2005; Driver et al. 2006); a break in
the galaxy stellar-mass function at z ∼ 0 (e.g., Baldry et al.
2012); an inflection in the galaxy SFR main sequence at low
redshift (e.g., Whitaker et al. 2012, 2014; Lee et al. 2015;
Saintonge et al. 2016)5; and a break in the mass-metallicity
relation (e.g., Tremonti et al. 2004). A minimum in the dark
matter fraction and the steepest galaxy mass profiles and
population gradients are also found at this Mstar threshold
(e.g., Tortora et al. 2010, 2019).
Interestingly, this Mstar transition also corresponds to
changes in gas-accretion modes with “cold accretion”
thought to dominate in those galaxies with Mstar below
this threshold. Beyond this, a “hot mode” is expected to
take over, induced by shock heating of infalling gas to
the virial temperature in massive haloes (e.g., Birnboim
& Dekel 2003; Keresˇ et al. 2005; Dekel & Birnboim 2006;
4 Arp 220 has a stellar mass of ∼ 8 × 1010 M (U et al. 2012).
5 The break mass in the SFMS is not always found strictly to
be the characteristic log(Mstar/M) = 10.5, but this depends on
methods for definition of Mstar and SFR.
Keresˇ et al. 2009). Such a coincidence in transition masses
for this wide variety of physical processes and observational
trends is telling us something about changes in the way that
galaxy evolution is regulated above this mass scale, relative
to less-massive systems.
For galaxies above the high-Mstar threshold, in MAGMA
we find that MH2/Mstar increases with both SFR and sSFR,
while MHI/Mstar remains constant over a factor of 10 in SFR
and a factor of ∼3 in sSFR. This implies that Hi is not
participating in the current star-formation process at all,
but rather is a potential reservoir for future conversion into
stars, or a past relic of gas accretion that will remain “qui-
escent” over the galaxy’s lifetime.
6.3. Gas-equilibrium, intermediate-mass galaxies
Galaxies in the intermediate mass range with Mstar between
3×109 and 3×1010 M were considered by Kannappan et al.
(2013) to be in a “processing-dominated” regime. These
galaxies are able to consume gas through star formation as
fast as it is accreted, and in this Mstar range gas accretion
and star formation proceed together (Fraternali & Tomas-
setti 2012). Metal-enriched gas outflows driven by feedback
from SNe and massive stellar winds tend to mix with the
surrounding hot gas in galaxy coronae, thus enabling cool-
ing and subsequent cold-mode accretion (Marinacci et al.
2010; Armillotta et al. 2016).
In the intermediate-mass or “gas-equilibrium” regime,
Fig. 14 for MAGMA implies that the (Hi) accretion rate
has slowed somewhat, because the divarication in MHI/Mstar
and MH2/Mstar is narrowing as SFR increases. Thus, it seems
that the galaxies are able to form stars in pace with the
arrival of incoming gas, in agreement with the results of
Fraternali & Tomassetti (2012) and Tacchella et al. (2016).
Such behavior in this mass regime would be consistent with
the gas-regulator models proposed by Lilly et al. (2013) and
others. Gas that comes in as accretion is processed by star
formation and goes out as stellar winds, maintaining an
“equilibrium” configuration expected to endure over most
of cosmic time (e.g., Dave´ et al. 2012).
6.4. Gas regimes in MAGMA
The results for the MAGMA sample confirm and extend
the findings of Kannappan et al. (2013). For galaxies in the
low Mstar bin, Mstar <∼ 3 × 109 M, the gas-rich, accretion-
dominated, regime, Hi is a necessary, perhaps even fun-
damental, ingredient for star formation. This could be be-
cause of the need for self-shielding to foster the formation
of H2 (e.g, Wolfire et al. 1995), possibly linked with high
column density (e.g., Krumholz et al. 2009, 2011), ther-
mal/dynamical or hydrostatic equilibrium (Ostriker et al.
2010; Krumholz 2013b), or hydrostatic pressure in the disk
(e.g., Blitz & Rosolowsky 2006). The preponderance of “ex-
cess gas” in the form of Hi at these low masses could also
be connected with the efficiency of cold-accretion modes
(Fraternali 2017).
For galaxies in the intermediate Mstar “gas-equilibrium”
bin, Hi and H2 content are more tightly related with each
other and with SFR. Thus, stars can form roughly as fast
as gas is accreted from the CGM and beyond (Fraternali &
Tomassetti 2012), although Hi content seems to dominate
over H2 by a factor of 3 or so (see Fig. 13).
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Fig. 15. Star-formation efficiency with H2 (SFEH2) and H2 gas
fraction fH2 plotted against stellar mass (top panel); the analo-
gous quantities but for Hi (middle); and with total gas fraction
fgas (bottom). In all panels, the left-hand axis gives the SFE and
sSFR units, while the right-hand one corresponds to gas frac-
tions, both logarithmic scale. The binned medians for τH2 are
shown by orange circles and fH2 by open violet circles; the same
quantities for Hi are indicated by purple squares and open vi-
olet squares. Only bins with ≥ 5 data points are shown. Also
plotted is the (binned) SFMS reported in Fig. 1, here shown
by six-sided stars. Trends from Saintonge et al. (2016) are also
shown by red curves as indicated in the legend in the lower left-
hand corner. The shaded region correspond to ± 1σ spreads of
the binned parameters. The three Mstar bins discussed in the text
are delineated by vertical dashed lines.
In the high-mass “bimodality” regime, with Mstar>∼ 3 ×
1010, the atomic gas seems not to be directly linked to SFR.
Even at these masses, Hi content still dominates over H2,
but overall gas content is low; on average, MHI/Mstar∼0.15
while MH2/Mstar∼0.07. As shown in Fig. 14, MHI/Mstar is
roughly constant over a factor of 10 in SFR, while MH2/Mstar
and SFR are fairly well correlated. It is true that the high-
mass bin in MAGMA is underpopulated (∼ 10% of the sam-
ple), but the emerging trends are fairly clear. However,
through the requirement of Hi and CO (H2) detections, the
high-Mstar MAGMA galaxies tend not to be quenched sys-
tems. Thus, our conclusions for this bin may be slightly
biased by the possibly enhanced star-forming nature of the
sample at high Mstar6.
A primary question posed by these results is the physics
that regulates star formation over different mass regimes:
is it the timescales (depletion times τH2, or their inverse,
the “efficiency” SFEH2), or is it the available gas reservoir
( fgas)? We examine this by noting (see also Brownson et al.
2020):
log(sSFR/yr−1) = log(SFR/MH2) + log(MH2/Mstar)
= log(SFEH2) + log( fH2) , (13)
where fH2 is defined in the same way as fgas, namely fH2 ≡
MH2/Mstar. These two ingredients for sSFR are shown in the
top panel of Fig. 15, together with sSFR as a function of
Mstar. The middle panel of Fig. 15 reports analogous quan-
tities for Hi, and total gas fraction fgas is shown in the lower
one. The different quantities, sSFR, SFE and fgas, are shown
to scale as indicated in the left-hand axis label (for sSFR
and SFE) and the right-hand one (for fgas).
Figure 15 (top) illustrates that in the accretion-
dominated gas-rich regime at low Mstar, SFEH2 (or equiv-
alently τH2, see Fig. 11), is relatively constant, although
in the lowest-Mstar bins, it falls by a factor of ∼3. In the
“gas-equilibrium” and “bimodality” regimes, at higher Mstar,
SFEH2 is diminishing with increasing Mstar. Conversely, fH2
is relatively constant at higher Mstar, while it tends to grow
toward lower Mstar, roughly in tandem with sSFR. In the
highest-Mstar bin, at Mstar∼ 5 × 1010 M, growing fH2 is re-
flected in the upward trend of sSFR. As discussed above,
the increases in fH2 and sSFR in the highest Mstar bin are
probably a selection effect, but they are internally consis-
tent within MAGMA.
The implication is that in the gas-equilibrium and bi-
modality Mstar regimes, while SFEH2 is falling, fH2 is ris-
ing, so that both timescales/efficiency and available H2 con-
tribute to the regulation of star formation. Instead, in the
low-mass bin, although the available H2 is increasing, SFEH2
is constant, even falling toward the lowest Mstar. We inter-
pret this as a signature of the accretion-dominated, “over-
whelmed”regime in which the galaxies are unable to process
all of the available gas.
The shape of the trend of fHI with Mstar in the middle
panel of Fig. 15 is very similar to the form of the SFMS
in terms of sSFR. Atomic gas content is quite high toward
low-Mstar (see also Fig. 14), but falls precipitously at higher
masses, similar to the SFMS. On the other hand, SFEHI
6 In fact, evidence points to a dichotomy in gas and star-
formation properties at these high masses; all high-Mstar galaxies
are not quenched, “red and dead”, but rather there is also a
class that contains gas and is currently forming stars. We plan
to explore this distinction in future work.
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is rising for Mstar >∼ 109 M, changing direction roughly at
the break mass of the MHI scaling with Mstar shown in Fig.
6. Over the same range in Mstar, SFEH2 is falling as is the
overall gas fraction shown in the lower panel of Fig. 15. The
similarity of the fgas curve (bottom panel) with the fHI trend
(middle) is due to the dominance of atomic gas in the total
gas budget, and is reflected in the low scatter from the fit in
Eqn. (11). Beyond Mstar ∼ 109 M, the shape of the fgas curve
also mirrors SFEH2. This is yet another indication that Hi
and the total gas reservoir, not just H2, are participating,
at least indirectly, in the star-formation process. A similar
conclusion was reached by Wang et al. (2020) who found
that Hi within the massive disks of star-forming galaxies
plays an important role as an intermediate step in fueling
star formation.
Finally, another piece of the fueling puzzle can be found
in the relation between gas fractions and star formation over
longer timescales. Kannappan et al. (2013) formulated a
quantity defined as the ratio of the mass of stars formed over
the last Gyr relative to the pre-existing stellar mass. They
found that this long-term fractional stellar mass growth rate
correlates quite well with the U − J color (see also Kan-
nappan 2004). We explore the correlation of gas fraction
and hybrid NUV−NIR color for MAGMA in Appendix B,
with an analysis of the hybrid color GALEX NUV and W1
(3.4 µm), two of the measurements used in Paper I to es-
timate SFR and Mstar. We confirm and extend the trends
of gas fraction with hybrid NUV−NIR color (in our case
NUV−W1) found by Kannappan et al. (2013). These rela-
tions provide further evidence that atomic gas content is
related with long-term SFR; Hi mass is linked with the po-
tential for star formation over the lifetime of the galaxy.
7. Conclusions
We have analyzed in terms of gas content and SFE the
MAGMA sample of 392 galaxies with Hi and CO detec-
tions (for H2) presented in Paper I. The broad Mstar range
of MAGMA (from ∼ 107 M − 1011 M), with ∼36% of the
sample having Mstar<∼ 3×109 M, enables for the first time an
in-depth comparison of the gas properties of dwarf galax-
ies with more massive systems. Our main focus is on the
availability of a cold gas reservoir for star formation, gas
depletion times as the inverse of SFE, and the partition of
molecular and atomic gas over a range in Mstar, as described
below:
–The conversion factor αCO as a function of metallicity. We
have used MAGMA galaxies to revisit the dependence
of αCO as a function of gas metallicity, Z, under the
assumption that H2 depletion time τH2 depends on
sSFR, and any deviations are due to metallicity as a
proxy of hardness of the radiation field. Quantifying
the hardness of the interstellar radiation field through
FUV and NUV colors was unsuccessful because of a di-
chotomy in FUV−NUV (see Sect. 3). Results show that
αCO ∝ (Z/Z)−1.55, less steep than a (previous) quadratic
dependence, but consistent with other techniques.
–Simple relations for MH2, MHI, and total gas content Mgas
as functions of Mstar and SFR. Molecular gas mass MH2
is strongly correlated with Mstar and SFR, enabling
an expression for MH2 based on these two parameters
that is accurate to within ∼0.2 dex. The relation of the
atomic gas mass MHI with stellar mass shows a break at
Mstar∼ 3× 109 M, similar to that found by Huang et al.
(2012) for an Hi-selected sample. It is possible to ex-
press MHI as a function of Mstar and SFR only to within
∼0.4 dex, while the analogous expression for total gas
Mgas is accurate to within ∼0.3 dex. The behavior of Hi
in these scaling relations suggests that it is an additional
independent parameter, and when it is included in the
expression for Mgas, we find a relation good to within
∼0.05 dex [see Fig. 10 and Eqn. (11)].
–SFE, gas depletion times, and and their relation with Mstar
and sSFR. MAGMA galaxies span more than two or-
ders of magnitude in τH2, ranging from <∼ 10−11 yr−1 to
>∼ 10−9 yr−1. In agreement with previous work, we find
τH2 to be correlated with sSFR, but only weakly with
Mstar. We also find that τHI is weakly correlated with
Mstar, but well correlated with sSFR; this result is new,
stemming from the extension of MAGMA to a signifi-
cant number of low-mass dwarf galaxies. The short τH2
found for low-mass galaxies would imply that they are
more efficient at forming stars than more massive ones,
in contrast with the low efficiencies predicted by DMH
abundance matching. However, it is potentially spuri-
ous to assume that short or long depletion times (and
their inverse SFE) are manifestations of high- or low-
efficiency star formation; rather they should be inter-
preted as simply timescales. Inefficient star formation
inferred from DMH assessments is related to the avail-
ability of baryons and hierarchical growth, distinct from
the conversion of molecular gas to stars. “Efficient” star
formation inferred from τH2 is just more rapid star for-
mation; whether or not it is truly efficient, that is to
say able to convert more H2 into stars over the mean
lifetime of a molecular cloud, is not straightforward to
determine with the observables available for MAGMA.
–The partition of cold gas into its molecular and atomic com-
ponents. The ratio of atomic to molecular gas, MHI/MH2,
only weakly depends on either Mstar or sSFR, with
large scatter. Even galaxies more massive than ∼ 5 ×
1010 Mstar tend to be dominated by Hi, with an average
MHI/MH2 ≈ 2; galaxies 20 times less massive have more
than 3 times more Hi, and the most gas-rich galaxies
can have MHI/MH2 as high as 10 or more. In the lowest
Mstar bin with Mstar ≤ 3 × 109 Mstar, Hi and H2 are both
related to SFR, however with an inversion in the trend
at relatively high SFR, SFR∼ 0.6 M yr−1. In the highest
Mstar bin, with Mstar ≥ 3×1010 Mstar, Hi content is roughly
constant over a factor of 10 range in SFR, while in the
same range of SFR MH2 is increasing.
–Evidence for a differentiation of gas properties over three
Mstar regimes. Following Kannappan et al. (2013), we
have divided the MAGMA sample into three Mstar bins:
Mstar ≤ 3×109 M; 3×109 M <Mstar < 3×1010 M; Mstar ≥
3 × 1010 M. These intervals in Mstar are associated with
a broad variety of transitions of physical processes in
galaxy evolution (see Sect. 6), and also manifest dif-
ferent behavior of the molecular and atomic gas phases.
Our results extend those of Kannappan et al. (2013) be-
cause of the inclusion in MAGMA of many more dwarf
galaxies, and the requirement of H2 (CO) detections.
The properties of the gas in the lowest-mass “gas-rich,
accretion-dominated” MAGMA bin suggest that there
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is simply too much gas to process, even with the large
sSFR and short τH2 common to these galaxies; they are
“overwhelmed” by gas in the form of Hi. In the inter-
mediate Mstar bin, “gas equilibrium” galaxies apparently
form stars apace with their gas content, able to keep
up with the supply of gas. For the galaxies in the most
massive“gas-poor, bimodality” regime, gas content is on
average almost 10 times lower than in low-mass dwarfs.
While the H2 content depends on SFR (or physically
vice-versa), the atomic gas seems not to participate (at
least directly) in the current star formation episodes.
The implication is that in these high-mass galaxies Hi
constitutes either a reservoir for future star formation,
or a past remnant of gas accretion that will remain inert
over the galaxy’s lifetime. For galaxies in gas equilibrium
and above the bimodality threshold, both the available
H2 reservoir and timescale/efficiency considerations reg-
ulate star formation; in contrast, for dwarf galaxies Hi
plays the main role.
Although MAGMA substantially extends the parameter
space for gas, stars, and metallicity to dwarf galaxies, the
coverage at low Mstar is still relatively sparse. We aim at
quantifying gas content in a statistically significant number
of low-mass galaxies with future observations. In addition,
in a future paper, we will analyze the effect of outflows
on metallicity and gas properties, and further confirm the
existence of three different mass regimes.
Ideally, the study of gas content and SFE would be cou-
pled with an assessment of dark-matter halo mass. This
could be accomplished through Hi velocity profiles and/or
rotation curves, which we intend to incorporate in future
analysis.
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Appendix A: The location of atomic gas in
MAGMA galaxies
Hi gas is known to be generally extended beyond the galaxy
stellar disk (e.g., Swaters et al. 2002; Wang et al. 2013;
Martinsson et al. 2016), an effect that is more pronounced
in low-mass dwarf galaxies (e.g., van Zee et al. 1998; Begum
et al. 2005). Here our goal is to investigate the fraction of
Hi gas that lies outside the stellar confines of the galaxy,
and assess the dependence of this fraction on Mstar.
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Fig. A.1. Upper panel: ratio of RW1 and RHI plotted against (log)
Mstar. These data are available for 268 galaxies. Lower panel:
fraction of Hi mass outside the galaxy stellar disk, as defined by
RW1. In both panels, data points are coded by gas fraction as in
previous figures.
Our sample relies only on global Hi measurements to
estimate Hi mass, so nothing is known about the spatial
distribution of the atomic gas. However, Hi properties in
nearby galaxies are governed by two interesting relations.
The first is the form of the radial profiles in star-forming
disks; when normalized to a characteristic Hi radius, RHI,
typically defined by the semi-major axis of a 1 M pc−2
isophote, the radial distributions of Hi are self-similar in
the outer regions (e.g., Swaters et al. 2002; Wang et al.
2014, 2016). The second is a partial consequence of the
first, namely Hi mass MHI and RHI are tightly related to
within ∼0.06 dex (e.g., Broeils & Rhee 1997; Swaters et al.
2002; Martinsson et al. 2016; Wang et al. 2016). These two
properties of Hi content can be combined to estimate the
amount of Hi within RHI and beyond it.
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Fig. A.2. “Standard” self-similar Hi surface brightness profile
taken from Wang et al. (2020, 2014, 2016). The solid (black)
curve connects the data points, while the gray shaded region
shows the uncertainties as presented by Wang et al. (2020). The
dashed (red) curve shows the quadratic fit, and the dotted line
corresponds to a broken power-law that is however not a good
approximation to the data.
Following the approach of Wang et al. (2020), we have
estimated the size of the stellar disk using the semi-major
axes measured by WISE, RW1, in the same photometric
band, W1, used to infer stellar masses (see Sect. 2, Paper I).
These are available for 268 of the 392 MAGMA galaxies,
and have been converted from the apparent sky radii to
kpc. We then estimated RHI according to Wang et al. (2016)
(see also Broeils & Rhee 1997). The upper panel of Fig. A.1
shows RW1/RHI, where the data points are colored by gas
fractions as in previous figures. These ratios are typically
less than unity with a median RW1/RHI = 0.39, as shown by
the horizontal dashed line. Figure A.1 also shows the run-
ning median for the MAGMA sample binned in Mstar. There
is a weak trend for most massive galaxies to have RW1/RHI
larger than the median, by <∼0.1 dex.
Figure A.2 shows the “standard” self-similar profile Hi
profile given by Wang et al. (2020), and shown in previous
papers (Wang et al. 2014, 2016). We fit with a quadratic
polynomial (in log-lin space), and found that is gives a very
good approximation (to within 0.005 dex along the y axis).
Thus, after scaling to RHI, it is possible to simply integrate
analytically to obtain the Hi mass outside RW1; dividing by
MHI (global) gives the fraction of the total Hi mass outside
the stellar disk. We have used the same limits of integration
as Wang et al. (2020), namely RW1/RHI and 1.5, in order
not to exceed the radial region over which the profile has
been computed. This integration has been performed only
for those galaxies for which RW1/RHI ≤1.2, again following
Wang et al. (2020). The results are shown in the lower panel
of Fig. A.1. There is virtually no trend with Mstar and the
median fraction of Hi outside the optical/stellar disk is 0.69,
as shown by a horizontal dashed line. Interestingly, despite
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the different estimates of stellar disk dimensions, these two
conclusions are entirely consistent with Wang et al. (2020),
who found no trend with Mstar and a median fraction of
Hi inside the stellar disk of ∼ dex(−0.5), or ∼0.32. Thus, we
conclude that there is a significant fraction of Hi gas outside
the stellar disk in MAGMA galaxies, but this fraction does
not change systematically with Mstar.
Appendix B: Gas fractions and colors
Kannappan et al. (2013) found that long-term fractional
stellar mass growth rate (FSMGRLT) correlates quite well
with U−J (see also Kannappan 2004). They formulated FS-
MGRLT as the ratio of the mass of stars formed over the
last Gyr relative to the pre-existing stellar mass, employ-
ing detailed optical-NIR SED fitting to define FSMGRLT.
Here we do not have access to analogous SED fitting for
MAGMA galaxies, but exploit the correlation of FSMGRLT
with ultraviolet and NIR colors found by Kannappan et al.
(2013). We use GALEX NUV and W1 (3.4 µm), two of the
measurements used in Paper I to estimate SFR and Mstar;
the underlying assumption is that NUV−W1 is a proxy for
FSMGRLT.
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Fig. B.1. sSFR (logarithm) plotted against NUV-W1 (AB) color.
The gray region and contours correspond to the GSWLC (Salim
et al. 2016), with the GSWLC medians over the same range as
for MAGMA given by a black dashed line. MAGMA medians
are shown by a thick gray line with black borders as in previous
figures. As described in the text, the SFRs and stellar masses
from the GSWLC are compatible with those for MAGMA.
The two quantities, sSFR and FSMGRLT, do not gen-
erally trace the same timescales, as illustrated in Fig. B.1
where sSFR is plotted against NUV−W1 (and by extension
FSMGRLT). Also shown in Fig. B.1 as underlying contours
and gray scale is the GSWLC consisting of ∼ 700 000 galax-
ies at z <∼ 0.3 (Salim et al. 2016). The Mstar and SFR scales
in the GSWLC were the basis of our formulation for SFR,
and also with the Mstar scale as described in Paper I. Thus
the comparison of MAGMA and GSWLC is expected to be
self-consistent; here we have selected only GSWLC galax-
ies in the redshift range 0.015 ≤ z ≤ 0.06. The power-law
slope for sSFR with NUV−W1 flattens for MAGMA galax-
ies at NUV−W1∼ 2 and log(sSFR)∼ −10.2, similar to the
change in sSFR slope of the GBS and the GRS discussed in
Sect. 3 (see also Bouquin et al. 2015). The MAGMA trend
also follows very closely the GSWLC for these blue colors
and relatively high sSFR. However, the GSWLC power-law
slope steepens at redder colors, NUV−W1>∼ 5; for red col-
ors and low sSFR there is little or no correlation between
NUV−W1 and sSFR. This slope inflection for GSWLC is
similar to the behavior of the NUV−r color found by Kavi-
raj et al. (2007) and Salim (2014), and roughly delineates
the separation of the “green valley” from the “red sequence”
and “blue cloud” of SDSS galaxies (e.g., Schawinski et al.
2014).
Ultimately, the differences between sSFR and FSM-
GRLT depend on the timescale of the star-formation tracer
used to define SFR. By combining UV and mid-infrared
(MIR), as advocated by Leroy et al. (2019) and as we have
done in Paper I for MAGMA, the timescales are blurred;
UV is expected to trace the >∼ 100–200 Myr scales, while
the MIR traces the warm dust emitted by Hii regions over
shorter time scale, 10-20 Myr (e.g., Calzetti et al. 2005). In
Fig. B.1, sSFR for MAGMA (thus SFR over fairly short
timescales) is higher than the longer-term SFR reflected
by NUV−W1. This behavior of MAGMA with a flatter
power-law slope of sSFR for red NUV−W1, relative to the
GSWLC, is related to our requirement of Hi and H2 de-
tections. As discussed above, at a given high Mstar (here
traced by red NUV−W1), MAGMA galaxies contain more
gas than a typical SFMS galaxy. Thus, sSFR is also some-
what higher than for a typical galaxy in a mass-selected
sample with similar mass and color.
Following Kannappan et al. (2013), we now compare
gas fractions with NUV−W1. Figure B.2 shows the corre-
lation of total gas fraction with NUV−W1 (Mgas/Mstar, left
panel) and and Hi gas fraction with NUV−W1 (MHI/Mstar,
right). The correlation of fgas and NUV−W1 shown in the
left panel extends only to NUV−W1∼ 4; for redder colors
fgas is roughly constant over the color range of the MAGMA
sample. This result is in disagreement with the trends found
by Kannappan et al. (2013), since they found a good corre-
lation for fgas over the entire color range (U − J) probed by
their sample. However, they had only a handful of H2 mea-
surements, so equated total gas content with MHI. If, instead
of Mgas/Mstar, we compare MHI/Mstar with NUV−W1 (right
panel of Fig. B.2), the MAGMA trends are in good agree-
ment. In this case, the correlation is present over roughly
the entire range of NUV−W1 probed by MAGMA, with
only a slight flattening at the reddest colors, NUV−W1>∼ 5.
The flattening at red colors (high Mstar) is also noticeable in
Fig. 14, where Hi content is roughly constant for the most
massive galaxies, while H2 tends to increase with SFR.
If we continue with our assumption that NUV−W1 is
tracing FSMGRLT, that is to say star formation over the
last ∼Gyr, Fig. B.2 illustrates that the Hi content is setting
the stage for star formation over these timescales. As also
observed in the right panel of Fig. 14, the galaxies with
the lowest masses, highest sSFR, and bluest NUV−W1 also
have the highest MHI/Mstar. Over a range of more than a
factor of 10 in sSFR, the H2 fraction MH2/Mstar is roughly
constant, while the Hi fraction is more than a factor of 10
higher than MH2/Mstar at high sSFR.
At lower sSFR, higher Mstar, and redder NUV−W1, Hi
plays a lesser role over long ∼Gyr timescales, as shown by
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Fig. B.2. Total gas fraction (Mgas/Mstar) plotted against the NUV-W1 (AB) magnitude (left panel) and Hi fraction (MHI/Mstar) vs.
NUV-W1 (right). Both magnitudes have been corrected for Galactic extinction as described in Sect. 3. The MAGMA medians are
shown as a heavy gray line, and the light-gray region corresponds to ± 1σ in the distributions. The contribution of H2 to Mgas is
evident in the upturn in the Mgas fraction for red NUV-W1 colors in the left panel, compared to the right.
the flattening of the power-law slope in the right panel of
Fig. B.2. Instead, for the reddest, most massive, galaxies,
the dominant role is played by H2. This is also seen from
the behavior of Mgas/Mstar in the left panel of Fig. B.2, and
in Fig. 14.
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